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Experimental investigation of a coherent quantum measurement
of the degree of polarization of a single-mode light beam
M. LEGRE, M. WEGMULLER and N. GISIN
Group of Applied Physics, University of Geneva, 1211 Geneva 4,
Switzerland; e-mail: Matthieu.legre@physics.unige.ch
(Received 15 July 2002)
Abstract. A novel method for the direct measurement of the degree of
polarization is described. It is one of the first practical implementations of a
coherent quantum measurement, the projection on the singlet state. Our first
results demonstrate the successful operation of the method. However, because
of the nonlinear crystals used at present, its application is limited to spectral
widths larger than about 8 nm.
1. Introduction
The degree of polarization (DOP) of a light beam is a parameter of funda-
mental importance in many applications. Typically, either a DOP close to 1
(totally polarized light, e.g. for interferometric measures), or a DOP as small as
possible (depolarized, with no polarization dependence) is desired. Intermediate
values of the DOP (or partially polarized light) on the other hand are frequently
generated through depolarization in optical systems, and its measurement can
consequently be exploited for system characterization. For example, in a tele-
communications link, the light can become depolarized owing to the dispersion
between the two polarization modes. This detrimental signal degradation can be
minimized by inserting a polarization mode dispersion compensator, where the
DOP is routinely used as a feedback parameter to control the dynamic adjustment
of the compensator [1, 2]. For such applications, it is interesting to have a compact,
fast and cheap measurement apparatus to determine the DOP. An interesting
approach was recently suggested by one of the present authors [3]. He demon-
strated that the DOP is directly linked to the projection on to the so-called singlet
state ( ðÞ ¼ ðjH1;V2i  jV1;H2iÞ=21=2), one of four specific two-photon polariza-
tion states (Bell states). H1 corresponds to the first photon being horizontally
polarized, V2 to the second photon with vertical polarization, etc. Bell state
measurements are in fact an important tool in quantum physics and are for
example employed to characterize teleportation experiments [4]. Note that it is also
possible, as in a classical polarimeter, to determine the polarization state from the
projection on the four Bell states.
The principle of the DOP measurement by projection on the singlet state is
relatively simple. In fact a singlet state projection can be realized by using
nonlinear interactions, as demonstrated by Kim et al. [5]. However, with respect to
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a potential application as a DOP meter for telecommunications, some special
points need to be addressed. Firstly, there exist three different causes of
depolarization of a light beam: time mixture (the polarization fluctuates with
time), spatial modes mixture and wavelengths mixture. In telecommunications,
the beam is typically monomode, and the nonlinear interactions used in our
DOP meter are quasi-instantaneous; so what will actually be measured is the
depolarization due to the spectral bandwidth of the source (wavelengths mixture)
alone. This distinguishes our DOP meter from a classical polarimetric DOP
measurement, where both wavelength and time mixture (due to the finite detector
integration time) are monitored. Secondly, working at a wavelength of 1.5 mm is
not very common for quantum measurements. Thirdly, owing to their bosonic
nature, the projection on the singlet state of two photons in the same mode (spatial
and temporal) having the same wavelengths becomes null. In [5], this caused no
problem as a large wavelength separation of 100 nm was used. For telecommu-
nication applications on the other hand, the channel bandwidth is only around
0.3 nm (40Gbits s1 system). The question of interest, investigated in our paper, is
therefore whether the singlet projection will still work for such small wavelength
separations.
The paper is organized as follows. In section 2, the principle of the singlet state
measurement to be employed is described in detail. In particular, the different
cases of very large, zero and small wavelength separations are treated, allowing us
to understand that the quality of the singlet projection will gradually decrease
with smaller separations. After this theoretical consideration, we characterize the
employed nonlinear crystals (section 3) and verify our model by performing singlet
projection measurements for three different wavelength separations (section 4).
2. Principle of the projection on the singlet state
Before analysing the influence of the wavelength separation on the singlet
projection quality, we briefly recapitulate the principle of operation as described
in [3].
As depicted in figure 1, the projection on the singlet state is realized as follows.
The weight of jH1;V2i is determined by the sum frequency generation (SFG) in a
type II crystal, where the phase matching (PM) favours the two-photon process
with the lower-frequency photon polarized vertically and the higher-frequency
photon polarized horizontally. Accordingly, the weight of jV1;H2i is determined
in the second crystal, identical with the first but rotated by 90 (see figure 1).
Finally, the projection on  () is realized by making the two orthogonal SFG
photons interfere (with a phase of p) using a linear polarizer at 45.
In order to see why and when the wavelength separation becomes limiting, we
now give a more detailed description than was necessary in [3]. We shall consider
two photons with wavelengths 1 and 2 respectively. Each photon has its own
polarization and a DOP of 1 (completely polarized). For simplicity of notation, we
allow for linear polarizations only and define the two polarizations with two angles
 and ’ in the plane (x, y), with x parallel to theX axis of the first crystal (figure 2).
 is the angle between the x axis and the polarization of 1, and ’ the angular
difference between the two polarizations (i.e. 2 is polarized along þ ’). The DOP
of such a source is given by ½ðI1 þ I2Þ2  4I1I2 sin2 ’
1=2=ðI1 þ I2Þ and consequently
essentially depends on the relative polarization states of 1 and 2.
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2.1. Strongly separated wavelengths
We suppose there is PM for the SFG in crystal 1 only for 1 parallel to x and
2 parallel to y (¼ 0, ’¼ 90) and that the polarization of the created wave is
parallel to y. The second crystal is identical with the first, but rotated by 90.
Consequently, the waves generated in crystals 1 and 2 are given as
E
ð1Þ
!1þ!2 ¼ E1E2 cos  sinð þ ’Þy ð1Þ
E
ð2Þ
!1þ!2 ¼ E1E2 sin  cosð þ ’Þx ð2Þ
and the overall intensity after projection on the 45 direction (linear polarizer)
becomes
I ¼ E1E2ð Þ
2
2
sin2 ’: ð3Þ
The intensity is  independent, reflecting the rotational invariance of the singlet
state. Note that the same result is found for elliptical polarizations, only that ’
becomes half the angle between the two states of polarization represented on the
POINCARE sphere. Consequently, if we project two photons on the singlet state,
only their relative, but not their absolute, polarizations are important. This is what
is exploited for our DOP meter. Comparing the measured intensity (equation (3))
with the DOP of our source (see above), one finds that I is a direct measure of
1DOP2 (as has been demonstrated in [3] for any kinds of source).
l1
l2 
q
j
x
y
Figure 2. Definition of the angles  and ’. The directions x and y are parallel to the optical
axes of the first and second crystals, respectively.
Polariser
at 45˚
λ1
λ2
λ3
Type II crystals
turned by 90˚
Figure 1. Schematic diagram of the principle of the singlet state projection showing
vertical (l) and horizontal () orientations of the optical axes of the two crystals.
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2.2. Equal wavelengths
What happens when the two wavelengths are equal? Obviously, the previous
assumption that there is only PM if 1 is parallel to x and 2 is parallel to y no
longer holds for a case where 1¼ 2; the above PM condition inherently leads to
PM for 1 parallel to y and 2 parallel to x as well. In fact, SFG can no longer
be distinguished from second-harmonic generation (SHG). Analogous to the
previous section, the waves generated in crystals 1 and 2 are
E
ð1Þ
!1þ!2 ¼
E21
2
sin 2ð Þ þ E
2
2
2
sin½2ð þ ’Þ
 þ E1E2 sinð2 þ ’Þ
 
y; ð4Þ
E
ð2Þ
!1þ!2 ¼ 
E21
2
sin 2ð Þ þ E
2
2
2
sin½2ð þ ’Þ
 þ E1E2 sinð2 þ ’Þ
 
x: ð5Þ
If we project the total amplitude on the 45 direction again, the result is zero
(I¼ 0), and consequently DOP¼ 1. This result is not surprising, as it is well
known that strictly monochromatic light is completely polarized. The result can
also be understood from the bosonic nature of the photons; a projection of their
symmetric spatial and frequency state on the antisymmetric singlet is null.
2.3. Similar wavelengths
The question of interest is now whether the DOP can also be extracted from
the singlet projection for the telecommunications relevant case of similar but
non-equal wavelengths. As was indicated in the previous sections, for a ‘good’
projection on the singlet state (using collinear PM), the PM should allow only
for one kind of SFG (e.g. 1 ordinary (i.e. parallel to x) and 2 extraordinary).
While this can be realized well for strongly separated wavelengths, the SFG for the
opposite case (PM for 1 extraordinary and 2 ordinary) can no longer be neglected
for 2!1. The influence of this second perturbing process will become important
when the difference of PM angles for these two SFG becomes smaller than the
angular bandwidth 	1/2 of the crystal (twice the angular deviation from the PM
angle for which the SFG efficiency is reduced by a factor of 2). For these cases, one
must consider a superposition of the two situations presented above. If we weight
the SFG efficiency for 1 extraordinary and 2 ordinary with 1 and the opposite
perturbing case with 
<1, we have from the first crystal
E
ð1Þ
!1þ!2 ¼ E1E2 cos  sinð þ ’Þ|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
process 1 extraordinary
and 2 ordinary
þ 
E1E2 sin  cosð þ ’Þ|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
process 1 ordinary and
2 extraordinary
2
66664
3
77775y; ð6Þ
which can be written as
E
ð1Þ
!1þ!2 ¼ E1E2 1 
ð Þ cos  sinð þ ’Þ þ 
 sinð2 þ ’Þ½ 
y: ð7Þ
By analogy, the SFG in the second crystal is
E
ð2Þ
!1þ!2 ¼ E1E2 1 
ð Þ sin  cosð þ ’Þ þ 
 sinð2 þ ’Þ½ 
x: ð8Þ
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The overall intensity after the 45 projection thus becomes
I ¼ E
2
1E
2
2
2
ð1 
Þ2 sin2 ’: ð9Þ
This is the main result of this section. It demonstrates that the intensity is still
proportional to sin2 ’ (i.e. to 1DOP2), but with an amplitude reduced by a factor
of (1
)2.
We now see that for decreasing wavelength separations, where 
 approaches 1,
the signal of interest becomes smaller and smaller. Evidently, below a certain
wavelength difference, the projection becomes completely immersed in the
measurement noise, so that one can no longer gain any information on the DOP.
This minimal wavelength separation consequently depends on the crystals (SFG
efficiency and angular bandwidth) and on all the different elements of the set-up
leading to noise. Accordingly, in the next section, we shall describe the crystals
chosen for our experiment and determine the weighting factor 
.
3. Choice and characterization of the nonlinear crystal
For a well-collimated beam and a source with a narrow spectral bandwidth, we
have seen in the previous section that the PM acceptance, that is the angular
bandwidth 	1/2, becomes important. Besides a small 	1/2, the efficiency of the
SFG process should be as large as possible for a good signal-to-noise ratio.
Although they are not very selective (see below), we chose KTP type II crystals
(XZ plane) as they promise a good SFG efficiency and are readily available. We
opted for a short crystal length of just 3mm, in order to have good mode overlap
(i.e. conversion efficiency) in both crystals; note that the spatial walk-off between
the ordinary and extraordinary beam is quite important in KTP (3). The angular
bandwidth 	1/2 for this crystal type and length was calculated [6] to be 0.37
. The
influence of the perturbing SFG should be negligible if the difference between the
PM angles of desired and perturbing SFG (again calculated from [6]) become
larger than 	1/2. The situation is shown in figure 3 for the case where 1¼ 1542 nm
and 2>1. According to the figure, a wavelength separation of 18 nm or more
(2>1560 nm) should allow an unperturbed projection on the singlet state (it
allows good suppression of the undesired SFG process). For a wavelength
separation of 8 nm, however, both SFG processes will coexist, and the
measurement risks to be perturbed by the noise. A lower bound for the wavelength
separation can be defined by requesting a minimal signal-to-noise ratio of 1, where
the singlet intensity (equation (9)) equals the noise. Consequently, both the
weighting parameter 
 (equation (6)) and the measurement noise have to be
known. The latter depends on a variety of parameters and includes more than just
the thermal noise of the detector. It requires knowledge of the experimental set-up
and will be further discussed at the end of the paper.
The weighting factor 
 is determined experimentally. To do this, we utilize one
crystal only and compare the power from SFG obtained for the desired
(1¼ 1542 nm adjusted as the ordinary wave, and 2 as the extraordinary wave)
and the perturbing reversed case. This ratio is equal to 
2 and is shown in figure 4
for 2¼ 1542–1560 nm. As expected, 
2 tends to 1 when the difference decreases
and becomes negligible above 2¼ 1560 nm. In fact, from (equation (9)), ð1 
Þ2
can be considered as the relative efficiency of the singlet projection.
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4. Experimental realization of the singlet projection
The set-up used for the singlet projection is shown in figure 5. The source is
composed of two tunable lasers around 1550 nm, combined by a fibre coupler.
Each polarization can be controlled independently. The total power after
1540 1542 1544 1546 1548 1550 1552 1554 1556 1558 1560 1562
0.0
0.2
0.4
0.6
0.8
1.0
1.2
a
2
wavelength l
2
(nm)
Figure 4. Ratio 
2 of the powers of the two SFG signals (1 ordinary and 2 extra-
ordinary; 1 extraordinary and 2 ordinary), as a function of the wavelength 2. (g),
experimental data; (—), theoretical fit. As expected, the ratio tends to 1 for small
wavelength differences.
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Figure 3. PM angle versus  for the two possible SFG processes. The angular acceptance
of the 3mm KTP crystals is 0.37. Therefore, it is possible to select only one SFG
process for wavelengths of 1542 and 1560 nm, whereas for 1542 and 1550 nm both
SFGs will coexist.
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amplification is about 70mW. Before the bulk part of the set-up, the light is
collimated with a fibre graded-index lens. The beam waist must be small for a
good efficiency of the SFG and yet large enough for good collimation in both
crystals. With respect to the first crystal, the second is rotated by 90 along the
direction of beam propagation (Y axis). Two birefringent plates are then used to
adjust the phase between the two SFG signals from the two crystals. This is
achieved by tilting the plates (whose birefringence axes are aligned with the crystal
axes) in opposite directions, thereby avoiding any spatial beam displacement that
would necessitate a readjustment of the detection. The singlet state is then selected
by a linear polarizer at 45 with respect to the crystal axes. A pinhole serves to
increase the spatial coherence of the light. Finally, a monochromator is used both
to select the photons created by SFG and to reject the perturbing signal from
SHG. The so-filtered light is then detected with a silicon photodiode operated in
photon-counting mode. Further, to analyse the correct operation of the DOP
meter, a polarization analyser could be inserted in front of the crystals (elements
shown as broken lines in figure 5).
As discussed previously, one laser (1) was set to 1542 nm, whereas the other
was adjusted for wavelength separations of 18, 8 and 4 nm (1<2). The results
of the singlet projection for these three cases are shown in figures 7, 8 and 9
respectively, where the number of counts is given as a function of the polarization
difference ’ between the two lasers. The different full squares for one specific
angle ’ correspond to different absolute polarization orientations , whereas the
crosses give their mean values.
The (ideally absent) variation in the count rate with  is essentially caused by a
misalignment of the birefringent plates, and by the incomplete (i.e. partial) spatial
coherence. This was determined with a study on the influences of the different
misalignments in our set-up. In our model, we varied the rotation angle of the
second crystal, the birefringent axis direction of the birefringent plates and the
alignment of the 45 analyser. Finally, the visibility of the interference was allowed
DETECTOR
Si
EDFA
LASER
LASER
PC
GRIN
CRYSTALS
type II
POLARISER
@ 775nm
MONOCHROMATOR
PHASE
DETECTOR
InGaAsP
POLARISER
@ 1550nm
Figure 5. Diagram of the experimental set-up: GRIN, graded-index lens; PC,
polarization controller.
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to be reduced as well (this can arise for example from insufficient spatial filtering).
To investigate the relative weight of these misalignments, the standard deviation of
the measured singlet intensity for different  is calculated as a function of ’. The
corresponding results are shown in figure 6 where, for each plot, one of the above
parameters was moved from the optimum position by either 1 for the angular
alignments, or a reduction in visibility to 0.9. Note that the chosen values
correspond to what we can expect for our measurement set-up. The figure
demonstrates that the visibility is the most crucial alignment parameter for ’ close
to zero (the point of interest in telecom systems). For ’ tending to 90, it is the
misalignment of the birefringent plates that becomes most important. The
influences of the other two parameters cannot be completely neglected but are of
less importance. Consequently, to improve the quality of the singlet projection,
we need to be especially careful with the visibility and the alignment of the
birefringent plates.
Returning to the experimental results of the singlet projection, and concentrat-
ing on the first measurement with a wavelength difference of 18 nm (figure 7), one
sees that, the closer that ’ approaches zero, the smaller is the number of counts.
This is the expected behaviour where the number of counts is proportional to
1DOP2. However, the  dependence of the result reduces the accuracy of a single
measurement, and one should therefore rather use the mean value from several
measurements with different  values. As the figure demonstrates, these mean
values follow the predicted theoretical behaviour (fit with the function a sin2’þ b,
equation (9)) very well.
As a measure of the quality of the DOP measurement, one can use the visibility
V ¼ ðNmax NminÞ=ðNmax þNminÞ, with Nmax and Nmin the maximum and mini-
mum mean count rates, respectively. For the present measurement, V¼ 93%,
Figure 6. Standard deviation of the singlet-state intensities for different  as a function of
the angle ’, where each curve is associated with a misalignment of 1 of one element of
the set-up, or a reduction of the visibility of 10%: (—), misalignment of the second
crystal; (- - - - -), misalignment of the half-wave plate, (— - —), misalignment of the
polarizer; (— —), reduction in the visibility.
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indicating that the DOP measurement works well for a wavelength separation
of 18 nm.
In figure 8, the results for a wavelength separation of 8 nm (1¼ 1542 nm,
2¼ 1550 nm) are presented. Note that, for simplicity, only the points for positive
’ have been measured. The results are qualitatively the same as for the 18 nm
wavelength separation, but the visibility V is reduced to 85%, and the fluctuations
for different  are slightly larger. In fact, we have seen in the theoretical part that
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Figure 7. Measured intensity of the singlet state as a function of the relative polarization
angle ’ for 1¼ 1542 nm and 2¼ 1560 nm (a.u., arbitary units): (g), results for
different  values; (þ ), mean values; (—), fit with the function a sin2 ’þ b.
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Figure 8. Measured intensity of the singlet state as a function of the relative polarization
angle ’ for 1¼ 1542 nm and 2¼ 1550 nm (a.u., arbitrary units). The symbols have
the same meanings as in figure 6.
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the efficiency of the projection on the singlet state decreases with increasing
(1
)2, making measurements with smaller wavelength separations (i.e. a larger
relative amplitude 
 of the perturbing SFG process) more sensitive to the noise.
Although a wavelength separation of 8 nm is smaller than the limit for completely
unperturbed operation of the singlet projection for the present crystals, the good
visibility clearly indicates that a reasonable DOP extraction can still be achieved.
The results become qualitatively different for a wavelength separation as small
as 4 nm (figure 9). The noise ‘fluctuations’ are very large now, covering almost
completely the dependence on ’, that is the DOP. Nevertheless, the experimental
data are still found to be very reproducible. The mean values are not constant as
one might expect at first view but are found to vary as aþ b sin2 ’þ c sin2(’+2d).
The reason for this is revealed by a closer inspection of how equation (9) was
obtained. For its derivation, we assumed that the two terms 
 sin (2þ ’) in
equations (7) and (8) exactly compensate each other. This is, however, not
completely true, as is indicated by the reduced visibility. For an 
 as large as in the
present case, this flaw, leading to an additional noise term of 
2 sin2 (2þ ’), can no
longer be neglected. Although this term would still vanish on averaging over all
possible , in the present case where only five different settings taken uniformly
between d and d+90 are used, an aþ c sin2(’þ 2d) dependence of the mean
values persists.
5. Discussion of the results
We can define three domains of operation for the singlet projection:
(i) d>	1. The projection can be done without any problems.
(ii) 	2<d<	1. The measurement is increasingly noisy, but the DOP can
still be extracted.
(iii) d<	2. The signal is completely immersed in the noise.
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Figure 9. Measured intensity of the singlet state as a function of the relative polarization
angle ’ for 1¼ 1542 nm and 2¼ 1546 nm (a.u., arbitary units): (g), (–), two
different sets of measurements; (—), fit with the function aþ b sin2 ’þ c sin2(’+2d).
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The limit 	1 can be obtained from the angular bandwidth and the wavelength
dependence of the PM of the employed crystals, as discussed in section 2. In the
present case of KTP type II crystals 3mm long and 1¼ 1542 nm, 	1¼ 18 nm.
The experimentally obtained visibility for this wavelength separation was found to
be 93%. It dropped to about 85% for d¼ 8 nm, which still allows proper DOP
extraction from the singlet projection. Consequently, 	2 has to be smaller than
8 nm. The theoretical determination of 	2 is, however, difficult. This is because it
depends on many different set-up parameters. If we consider a signal-to-noise ratio
(signal, sin2 ’; noise, sin2ð2 þ ’Þ, of 1 as the limiting criteria, a value of 	2 5.5 nm
is predicted for a visibility of 90%, in fairly good agreement with the experimental
results of above (good operation for d¼ 8 nm, no operation for d¼ 4 nm).
Obviously, a minimum wavelength separation of 8 nm is largely insufficient for
the targeted telecommunications applications. As shown above, reducing this value
is merely a question of choosing the proper nonlinear crystal. However, this is not
an easy task as the desired specifications are diametrically opposite to what is
usually desired.
GaSe, HgS (cinnabar), banana or piralcyloxymethyl chloride are potential
candidates as they have small (less than 1 nmcm) spectral bandwidths.
Unfortunately, these crystals are either hard to fabricate or hard to manipulate.
Another way to reduce the spectral bandwidth would be to use longer lengths of
standard crystals. For example, KTP crystals 5 cm long would have the required
specification but, because of the spatial walk-off [6], the effective interaction length
is just a few millimetres. It therefore requires walk-off compensation, which
complicates the set-up.
6. Conclusion
The possibility of a DOP meter based on a coherent quantum measurement,
the projection on the singlet state, was experimentally investigated. Such a DOP
meter is ultrafast and would allow both a very compact and a low-cost design. We
tested our laboratory apparatus using a light source of two discrete wavelengths
around 1.55 mm, combined with adjustable relative polarization states to give any
desired DOP.
For wavelength separations larger than or equal to the angular bandwidth of
the employed KTP crystals (18 nm), the DOP meter was found to perform well,
with a reasonable precision (about 5% for DOP 1). The variation in the results is
mainly due to a dependence on the absolute orientation of the polarization states
and could be further improved by, for example, better spatial filtering. For smaller
wavelength separations, the quality of the measurement gradually decreased, until
it was no longer possible to extract any information on the DOP. This behaviour
was found to be caused by a perturbing SFG process. Besides the desired PM
condition (e.g. 1 ordinary, and 2 extraordinary), the opposite condition (1
extraordinary, and 2 ordinary) starts to be increasingly efficient. The above-
mentioned limit of operation can consequently be estimated by evaluating the
wavelength separation at which the two processes become equally important. A
value of about 5 nm was found for the currently employed crystals, in good
agreement with the experimental findings.
For the DOP measurement in telecommunications applications (e.g. the
feedback parameter for a polarization mode dispersion compensator), this is clearly
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not sufficient as typically encountered wavelength separations are below about
0.3 nm. However, the present minimum wavelength separation of our DOP meter
is not a fundamental limit but depends merely on the angular bandwidth of the
employed nonlinear crystal. Although their high spatial walk-off would require
some compensation scheme [7], crystals of GaSe or HgS a centimetre long offer
very narrow PM bandwidths of the order of 0.25 nm. Also, waveguides could offer
similar performances [8, 9]. The feasibility of a DOP meter operating for wave-
length separations below 0.3 nm is therefore a matter of properly cutting and
assembling the corresponding nonlinear crystals, which, however, has not been
mastered at this time.
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Quantum Measurement of the Degree of Polarization of a Light Beam
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We demonstrate a coherent quantum measurement for the determination of the degree of polarization
(DOP). This method allows us to measure the DOP in the presence of fast polarization state fluctuations,
difficult to achieve with the typically used polarimetric technique. A good precision of the DOP
measurements is obtained using eight type II nonlinear crystals assembled for spatial walk-off
compensation.
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The history of the concept of polarization of light is
fascinating and very instructive of the way science pro-
gresses; see, e.g., [1]. Today, there is a renewed interest
because of the fast developments in optics, both on the
applied side for optical communication and on the more
academic side for quantum optics. In this Letter we con-
centrate on the degree of polarization (DOP) which is
often desired to reach its maximum value of 1, as well for
close-to-ideal classical as for quantum communication
[2]. We analyze this problem from a quantum perspective,
and then apply the gained insight to an experimental
measurement of the DOP using classical nonlinear optics.
It is well known that depolarization is due to deco-
herence. A light beam can be (partially) depolarized
(DOP < 1) for any combination of three basic causes:
mixture of spatial modes with different polariza-
tion, mixture of temporal modes with different polar-
ization, and mixture of spectral modes with different
polarization.
Clearly, light propagating in a single-mode fiber cannot
suffer from depolarization due to the first cause.
Moreover, one is often not interested in depolarization
due to time fluctuations (see, e.g., the discussion below
about polarization mode dispersion). Consequently, one
would like a measurement technique providing informa-
tion on the instantaneous DOP of a single-mode light
beam. Note that ‘‘instantaneous’’ does not refer to an
infinitesimal time interval — for which polarization is
not even defined — but to the coherence time of the
signal. Measuring the instantaneous DOP is a nontrivial
task, since classical polarimeters measure the four Stokes
parameters and then compute the DOP. In other words, the
usual measurement technique is an indirect one, neces-
sarily requiring some time to average the intensities on
the four detectors providing the Stokes parameters. Let us
look at this problem from a fundamental point of view,
considering the quantum nature of light. If one has only a
single photon at disposal and measures its polarization
along any (linear or elliptical) direction, one obtains one
out of two possible results. It is easy to convince oneself
(and this can be made rigorous [3]) that this single result
provides absolutely no information on the DOP (not even
probabilistic information, i.e., it does not help at all to
guess the correct DOP) of the beam from which this
photon was extracted. It is only by accumulating several
results on photons from the same beam that one can gain
some information. But accumulating results necessarily
takes some time, hence possibly the DOP measurement
gets spoiled by time fluctuations of the state of polariza-
tion. Note that classical linear optics does nothing else
than accumulating measurement results on individual
photons, thus measuring the DOP in an indirect way.
Consequently, the only possibility to improve DOP mea-
surements consists in processing the photons in pairs (or
triplets, etc.), i.e., accessing directly the DOP.
From quantum information theory we learned in re-
cent years that coherent measurements, that is measure-
ments represented by self-adjoint operators whose
eigenstates are entangled, do indeed generally provide
more information than successive individual measure-
ments [4]. This came as a surprise, since it applies also
to the case where the measured systems are not entangled,
as for the case under investigation: the photons of a
classical light beam are not entangled, but coherent mea-
surements do provide more information. For DOP mea-
surement [5], the optimal coherent quantum measurement
is represented by the operator projection on the singlet
state:
Psinglet  12 jH;Vi  jV;HihH;Vj  hV;Hj: (1)
This can be understood intuitively. If light is perfectly
polarized, DOP  1, then all photons are in the same
polarization state. Consequently, the projection of any
pair of photons on the singlet state is zero (recall that
the singlet state is rotationally invariant). But if the DOP
is less than unity, then there is a finite probability that a
pair of photon projects during a measurement process
onto the singlet state. Let us make this quantitative. Let
fSjgj0;1;2;3 denote the Stokes parameters. The polariza-
tion vector ~M on the Poincare´ sphere is then Mj 
Sj=S0, j  1; 2; 3, and the quantum state of polarization
is represented by the density matrix   1 
 ~M ~=2,
where ~ are the Pauli matrices. The DOP is related to the
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Poincare´ vector by DOP  j ~Mj. Accordingly, the proba-
bility that a pair of photons from a classical light beam of
polarization ~M gets projected onto the singlet state reads:
P robsinglet  Tr    Psinglet (2)
 1 ~M
2
4
 1 DOP
2
4
: (3)
The coherent quantum measurement ‘‘projection onto
the singlet state’’ provides thus a direct access to the DOP.
In section II we present a measurement setup, inspired by
quantum optics experiments (projection onto the singlet
state is useful, among others, for the fascinating demon-
stration of quantum teleportation [6]), but extended into
the classical domain using nonlinear optics. However,
before this we would like to present an example where a
direct and fast DOP measurement is of great practical
value.
Polarization mode dispersion (PMD) is presently one
of the main limitations to high bit-rate fiber optics com-
munication [7]. Consequently, the telecom industry aims
at developing compensators. This road has been taken
successfully to fight against chromatic dispersion.
However, contrary to chromatic dispersion, PMD is a
statistical quantity which fluctuates on various time
scales, down to microseconds in the worst case. Hence,
any PMD compensator needs a fast feedback parameter.
Ideally, this parameter should be the bit error rate (BER).
However, today’s BER specifications of 109, or even
1012, impose much too long measurement times, even
at bit rates of tens of gigabits per second. An often
proposed alternative to the BER as feedback parameter
is the DOP [8]. Indeed, when PMD affects the trans-
mission of light pulses, then, in first order, one part of
the pulse travels slightly faster than the other, though they
do still overlap. Hence, the DOP during this overlap is the
desired feedback parameter. Clearly, in this case the
depolarization is never due to mixtures of spatial modes
and the time fluctuations, e.g., from one pulse to another,
do not represent the physical quantity of interest. This is a
clear example where a direct and fast measurement of the
DOP is needed. In the frequency domain PMD can be
understood as follows. The light fields contains three
dominant optical frequencies, the carrier and the carrier
 the modulation frequency. Each of these wavelengths
undergo slightly different polarization evolutions, hence
the depolarization of interest is clearly due to the third
cause listed in the introduction. For frequency modula-
tions from giga- to terabits per second, the wavelengths
differences range from 8 pm to 8 nm.
Experimental setup.—The experimental implementa-
tion of the projection onto the singlet state measurement
is presented in Fig. 1. The idea is to coherently combine
two stages of parametric up-conversion, using 2 type II
nonlinear crystals. In the first stage, the phase matching is
such that a photon from the shorter range of the spectrum
and one from the longer range are upconverted to a
photon in a horizontal polarization state. The second
stage is rotated by 90, and consequently, the upconverted
photon is vertically polarized. The upconverted photons
then pass a linear polarizer at 45, which erases the
information where they were created. Depending on the
phase between the two stages, controlled by tilting two
birefringent plates, the overall intensity of the upcon-
verted signal corresponds to the desired ‘‘singlet frac-
tion,’’ and is consequently a measure for the DOP
[Eq. (3)]. Note that the probability for up-conversion is
important during a time interval given by the coherence
time of the pump photons (position uncertainty). This
means that the signal amplitude at a given moment comes
from pump fields averaged over their coherence time.
According to this ‘‘response time’’ of the nonlinear in-
teraction, the outcome of our DOP-meter is the instanta-
neous DOP as defined in the introduction.
A preliminary investigation using only two, orthogo-
nally orientated crystals [9] showed that an undesired
phase-matching condition coexists for photons with little
wavelength difference. For example, in the same crystal,
the two nonlinear interactions H1; V2 ! H3 and
V1; H2 ! H3 are possible. This poses a serious limi-
tation to the scheme. The wavelength separation under
which this detrimental phenomenon appears is deter-
mined by the phasematching acceptance of the crystal.
Hence, the narrower the wavelength acceptance of the
nonlinear crystals, the better, contrary to the typical use
of such crystals. To reduce the wavelength acceptance, we
can use longer crystals or choose materials having better
characteristics. Promising candidates as GaSe, HgS
(Cinnabar), or Banana are, however, hard to fabricate or
difficult to manipulate. We therefore decided to stay with
KTP, but to increase the crystal length. This leads to a
spatial walk-off problem, limiting the effective length
for SFG to well below the physical crystal length. Usually
this is dealt with by adding linear birefringent crystals for
compensation. Here, we compensate the walk-off using a
FIG. 1. Diagram of the setup. The two walk-off compen-
sated stages of four nonlinear crystals are turned by 90
with respect to each other. PC: polarization controller;
GRIN: graded-index lens.
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second nonlinear birefringent crystal. As is described in
[10], two identical nonlinear crystals are combined so
that their walk-off angles are opposite and the waves
generated in both are in-phase. To realize the desired
effective length, we use stages consisting of four KTP
crystals each, hence our setup contained eventually eight
nonlinear crystals in series. This is an interesting result in
itself, since recently many experiments presented con-
figurations using just pairs of nonlinear crystals [11].
A structure of four 3 mm KTP elements gives an
effective length of almost 12 mm, thereby reducing the
wavelength acceptance by four compared to a 3 mm
crystal as used in [9]. The expected wavelength phase-
matching acceptance becomes 4.5 nm, making it possible
to realize a projection onto the singlet state for wave-
lengths separated by 1:5 nm only. Notice that the spa-
tial walk-off is totally compensated for, so contrary to
normal crystals, the spatial modes of 1 and 2 are as
well overlapped before the second stage as before the first
one. This favorizes both identical conversion efficiencies
in both stages and a better spatial overlap of the created
waves.
Results.—Here we demonstrate the performance of
our projection on the singlet state with the eight KTP
crystals. To test the setup, we use a source composed of
two lasers, one at the wavelength 1 and the other at 2
[Fig. 1]. Mimicking PMD, the polarization of each
wavelength is adjusted separately with polarization
controllers. The DOP of such a source is given by
I1 
 I22  4I1I2sin2’1=2=I1 
 I2 where 2’ is the
angle between the states of polarization of ~M1 and
~M2 (Poincare´ sphere). With this source, it is very
simple to study the response of our system for many
configurations. In the following, we concentrate on the
case 1  1552 nm and 2  1554 nm. Similar results
were obtained for larger wavelength separations.
First, we characterize the quality of our projection onto
the singlet state. For any input polarization combination,
the output of our device has to be proportional to 1
DOP2 [Eq. (3)]. To well cover the possible inputs with a
reasonable number of measurements, we choose polariza-
tion states on three orthogonal great circles of the
Poincare´ sphere. For each great circle, ~M1 is set to
five polarization states separated by 40. For each of
those states, ~M2 is chosen on the same circle so that
2’  0; 10; . . . ; 90, corresponding to ten different val-
ues for the DOP. The measured data are shown in Fig. 2,
where the values obtained from the different circles are
represented by different symbols (squares, circles, and
triangles). Because of the choice of polarization states,
for each circle we have five points for a given DOP
(corresponding to the five different absolute input polar-
ization directions). As expected, the detected intensity
reflects the DOP of our source, and is quasi-independent
of the absolute polarization states of 1 and 2. The
residual fluctuations observed for a given DOP value
are due to misalignments of the setup. Specifically, the
small variations for a DOP of 1 are essentially due to a
slightly reduced visibility of the interferences between
the two waves from the two stages (see [9] for more
details). We can estimate a visibility of more than 96%.
This is achieved thanks to a proper spatial overlap of the
modes created in the two stages due to walk-off compen-
sation in the crystals. If we estimate the precision of
our measurement with the standard deviation of the fluc-
tuations, the error of our device on the determination of
the DOP is a few percent for a DOP close to 1 and about
15% for a totally depolarized source. Figure 2 also shows
the mean values for a given DOP (open circles). They
follow very well the linear law predicted by the theory
(solid line).
So far the analyzed signal was constant in time. In
order to demonstrate that we really measure the instan-
taneous DOP, a source with constant DOP but rapidly
fluctuating state of polarization is required. We realize
this by shaking the fiber linking the source to the DOP-
meter (fiber after the coupler in Fig. 1). This leads to
variations in the birefringence axis direction and Berry’s
phase in this fiber, and consequently the polarization
states ~M1 and ~M2 will strongly fluctuate in time.
If the amount of birefringence is small enough compared
to the wavelength difference 1  2, the relative polar-
ization angle ’ between ~M1 and ~M2 (i.e., the DOP)
is conserved even when agitating the fiber. In our experi-
ment, we are manually moving the fiber leading to a time
scale of the polarization fluctuations of 100 ms.
Accordingly, an integration time of a few seconds is
chosen in order to be sure that the polarization state
strongly fluctuates during this time interval. Figure 3
shows corresponding results for three different values of
the DOP (open symbols, integration time 10 s). The fiber
was not shaken for the first and last measurement points
to have two reference values. As can be seen, the same
values for the DOP are obtained when shaking the fiber.
FIG. 2. Measured intensity of the projection onto the
singlet state as a function of 1 DOP2 for 1  1552 nm and
2  1554 nm.
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This clearly demonstrates the projection onto the singlet
state does indeed give the instantaneous DOP.
To illustrate that this is not the case for the standard
measurement techniques, we repeated the measurement
using a polarimeter with 10 s integration time (PAT-9000,
Profile). On the first and last point, we measure the same
value as with the singlet state projection. But when the
fiber is shaken the measured value of the DOP strongly
decreases and also fluctuates somewhat. This behavior is
observed both for 10 s (Fig. 3) and 1 s integration times.
Clearly, the DOP is no longer measured correctly. Note
that although a polarimeter can integrate much faster
than 1 s (e.g., 33 ms for the PAT-9000), the same problem
will be observed for fluctuations of the order of milli-
seconds as they can occur for PMD.
In conclusion, a concrete application of a coherent
quantum measurement has been realized: a DOP-meter.
It is based on the projection onto the singlet state, and
allows to measure the instantaneous DOP in a direct way.
This is different from the standard, indirect method of
DOP evaluation (polarimetric technique) where the DOP
is averaged over the integration time of the detection,
which is typically longer than the coherence time of the
signal to be measured. Consequently, for a signal with
temporally fluctuating polarization only the first method
gives the correct DOP.
Experimentally the projection onto the singlet state is
realized exploiting up-conversion in two type II non-
linear crystals. In order to increase the efficiency of the
process and to be able to measure signals with narrow
spectra, the effective crystal length should be large. We
achieved this by stacking 2 4 KTP crystals of 3 mm
length in a walk-off compensation arrangement, giving
an effective length of almost 12 mm for each of the two
stages. With this compensation technique, we obtained a
high quality DOP measurement for wavelengths sepa-
rated by 2 nm. Further, we demonstrated that the projec-
tion onto the singlet state gives indeed the instantaneous
DOP. For a signal with temporally fluctuating polariza-
tion we still obtained the correct value, whereas this was
not the case for a standard polarimetric measurement.
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Abstract: Exploiting the inherent polarization dependence and good spatial
resolution of Optical Frequency Domain Reflectometry, the beatlength in a ribbon
fiber can be straightforwardly measured. The results clearly show the different
amount of polarization ordering for inner and outer ribbon fibers due to the stress
induced birefringence from the common outer coating.
1. Introduction
Fiber ribbons, where the individual fibers are densely arranged in a common outer
coating, can present a popular low cost solution -mainly for access networks-
because of the possibility of mass splicing. With the bit rates ever increasing down to
the end user, polarization mode dispersion (PMD) of these fibers is becoming an
issue. Several studies [1-4] address this topic, and often a different polarization
evolution was found in the inner and outer fibers of the ribbon. For the 4 fiber ribbon
used in Ref. [4] e.g., the PMD was 3 times larger for the inner fibers than for the
outer ones. A possible explanation is the birefringence induced by the stress of the
ribbon itself. A finite element method was used in [4] to model the stress distribution
within the ribbon, and the corresponding induced birefringence was found to be
larger for the inner fibers by a factor of 3 as well.
The influence of a uniform external perturbation (usually of fiber twist) on the
polarization evolution in an ideal fiber having a uniform, constant intrinsic
birefringence and no polarization coupling has been investigated long ago [5]. In a
real fiber, however, the intrinsic birefringence has random relative orientations of its
(local) birefringent axes leading to polarization mode coupling. In f ber ribbons, it is
on such fibers that the external stress from the common coating is acting, and it is
therefore not a priori clear to what extent th induced stress birefringence will
change the polarization evolution (namely the polarization coupling length). These
points are clarified in this paper using high-resolution coherent OFDR
measurements [6].
2. Experimental set-up
The OFDR technique (Fig.1) is based on the detection of a beat signal between the
distributed reflections from the fibre under test (Rayleigh backscatter, connectors,
etc.) and a fixed Fresnel reflection (local oscillator). Using a linear frequency sweep
of the laser, one can straightforwardly map the measured beat frequencies on a
distance scale, whereas the normed square power for a given beat frequency gives
the reflectivity at the corresponding distance. The polarization dependence of the
coherent detection used in the OFDR can be exploited to get information about the
evolution of the polarization state along the fiber [6, 7]. For a good general overview
of the OFDR principles and limits, the reader is referred to [8, 9].
In the device used for the measurements presented here, several important
improvements have been implemented. A polarization diversity detection allows to
subtract the (polarization independent) Rayleigh structure from the polarization
dependent channel, thereby removing the frequencies that are not related with the
fiber birefringence. Along with the greatly enhanced range (2 km) and two-point
resolution (0.08% of the range, i.e. 5 mm for a range of 6 m, 1.5 m for 2 km), this
allows for precise measurements of the polarization evolution.
3. Results and discussion
The fiber ribbon analyzed here consists of 4 fibers. Its length is 1.5 km, loosely
spooled on a drum with a diameter of 35 cm.
First, PMD was measured both with the JME and the interferometric method. The
results are summarized in table 1. The inner fibers have a consistently larger PMD
than the outer ones, the difference being as large as a factor of 3.6. As predicted by
the model in [4], we found the DGD to vary more for the inner fibers between the
measurement series done at different times during the day (different temperatures).
We then used the OFDR to analyze the polarization evolu  in the 4 different
fibers. Fig.2 shows the polarization dependent reflections from an outer fiber, after
removal of the Rayleigh noise and normalization to zero mean power. This curve is
then Fourier transformed to get information about the rotation period of the
polarization vector, i.e. the beatlength. The figure shows that there is not one
specific, well-defined beatlength period, but a distribution of such values. While the
structure of the peaks changes somewhat for different launch polariz tions, the mean
value of the distribution is fairly constant, giving a mean beatlength of about 4 m.
The uneven structure of the signal is typical for a low PMD, standard fiber with a
relatively short coupling length. The influence of the ribbon stress is small, but still
induces some ordering (e.g. at distances around 10 m and 70 m in Fig.2).
On the other hand, the situation is drastically changed for the inner ribbon fibers. As
is shown in Fig.3., the backreflected signal is now very regular, indicating a long
coupling length and well defined birefringent axes induced by the larger external
ribbon stress. Accordingly, the Fourier transform now shows a distinctive peak
corresponding to Lb/2 [7], giving a beatlength value of Lb = 2.4 m. Consequently, the
external stress both enhanced the coupling length and the local birefringence. It is
interesting to note that when the fibers are torn out of the ribbon, inner and outer
fibers show the same characteristics. A typical example is shown in Fig.4.
Comparing the spectrum of the ‘free fiber’ (Fig.4) and the outer ribbon fiber (Fig.2),
one observes that the two strong low frequency components, corresponding to an
intrinsic beatlength of about 55 m, are present in both cases. For the outer ribbon
fiber, there are however additional peaks due to the stress induced birefringence,
demonstrating that in that fiber intrinsic and induced birefringence are of similar
magnitudes.
The coupling lengths h for inner and outer fibers can be determined more precisely
by using the measured PMD (table 1) and beatlength values and applying the well
known relation Lh
Lc
PMD
b
l
= , valid for fibers where the fiber length L>>(h,
Lb). The obtained coupling lengths are 36 m for the inner, and 9.5 m for the outer
fiber (see also table 1), confirming the qualitative observations given above. These
findings are also in good qualitative agreement with those reported in [1].
4. Conclusions
Using high-resolution coherent Optical Frequency Domain Reflectometry, the
polarization evolution in fibers of a ribbon cable have been straightforwardly
measured. The reflected signal for inner ribbon fibers shows a well defined, regularly
varying structure. This demonstrates that the ordering from the external stress,
induced by the common ribbon coating, is important. Consequently, a small
beatlength and a large coupling length were obtained. For the outer ribbon fibers, the
signal variations were more random, indicating that the externally induced stress
birefringence is of the same order than the intrinsic one.
The measurements further point out that for long range applications of fiber ribbons,
a careful design of the common coating is important, as PMD values as large as
0.4 ps/Ökm are otherwise experienced.
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Figure and table captions:
Fig.1: sketch of the OFDR set-up
Fig.2: Reflected signal and spectrum for an outer fiber
Fig.3: Reflected signal and spectrum for an inner fiber
Fig.4: Reflected signal and spectrum from a ‘de-ribbonized’ fiber
Table 1: PMD, beatlength, and coupling length for inner and outer fibers
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Investigation of the Ratio Between Phase and Group
Birefringence in Optical Single-Mode Fibers
M. Legre, M. Wegmuller, and N. Gisin
Abstract—A measurement technique for the phase and group
birefringence of an optical fiber is thoroughly investigated. It is
based on differential group delay measurements of twisted fibers
and is capable of giving in a simple and elegant way the intrinsic
birefringence values in the absence of twist. Analyzing various
fibers with this method, we find that phase and group birefrin-
gence can be quite different for certain fiber types. Consequently,
the commonly used assumption that in an optical fiber, phase and
group birefringence are equal—and the resulting carelessness
in distinguishing between these two a priori separate physical
effects—is to be employed cautiously.
Index Terms—Beatlength, birefringence, differential group
delay (DGD), optical fiber measurements, optical fiber properties.
I. INTRODUCTION
THE polarization properties of a single-mode optical fiberare characterized by its local phase and group birefrin-
gences and by the amount and statistics of the energy transfer
between the two polarization modes. Concentrating on short
distances where statistical polarization mode coupling can be
neglected, it is frequently assumed that there is a simple rela-
tion between the phase birefringence (characterized by the beat-
length ) and the group birefringence [characterized by the
(local) differential group delay (DGD)]
DGD (1)
where DGD is in ps/m, is the (center) wavelength of the light
source, and ( m/ps), the velocity of light in vacuum. It
is easy to show that (1) can also be expressed as
(2)
where is the phase birefringence (in rad/m). Equation (1) is
therefore equivalent with the assumption that the phase delay (
) and group birefringence (both in units of s/m) are equal.
This seems to hold fairly well for standard fibers typically em-
ployed in telecom links. However, going back to the early days
of polarization maintaining (PM) fiber development, one finds
examples [1], [2] of fibers with beatlengths in the millimeter
range where the group birefringence can be as much as three
times larger than the phase delay.
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As a consequence, we were interested in the ratio of phase
delay to group birefringence of more recently developed fibers,
of fibers with intermediate phase birefringence values, and of
special fibers such as photonic crystal or Er-doped fibers.
In order to measure the correct ratio (especially for fibers with
low phase birefringence), one has to be careful that the fiber is
not subjected to twist. These “twistless” values of interest are
readily obtained by a special measurement method presented in
Section II. Due to its elegance and simple applicability, the mea-
surement method is also a viable alternative to more standard
methods for beatlength and DGD determination. Therefore, in
Section III, we investigate its precision by comparing the re-
sults for various fibers with those obtained from more standard
methods, and discuss the range of fibers suited for analysis by
our method. Then, in Section IV, we give the ratio of phase delay
to group birefringence for a variety of different fibers, along
with some intuitive explanation for our findings. Section V sum-
marizes this paper.
II. DESCRIPTION OF MEASUREMENT METHOD
It is well known that twisting a fiber induces circular birefrin-
gence on it. Consequently, its polarization properties change [3],
leading to elliptical or even circular principal states for the case
of very large twist. Both the phase birefringence (character-
ized by the beatlength ) and the group birefrin-
gence change with the twist rate. For a constant, homoge-
neous twist along the fiber, Siddiqui et al. have found in [4] that
the DGD becomes [5]
DGD (3)
Here, is the linear, intrinsic phase birefringence without
twist, is the corresponding group birefringence (or DGD
for zero twist), and and are the twist-induced circular
phase and group birefringences, respectively. is given
by the product of the applied twist rate (in turns/m) and the
elastooptic rotation coefficient . In silica fibers, amounts to
0.14–0.16, depending on the Ge dopant concentration of the
fiber.
From a measurement of the DGD as a function of twist, and
consecutive fitting of the results with (3), one readily obtains
the different unknowns of (3), namely the intrinsic phase and
group birefringence in the absence of twist. Note that no a-priori
assumptions are made on the different parameters (especially
not on the relation between and ): the values for the
four fit parameters , , , and are allowed to
vary freely. However, in order for the fitting algorithm to work
0733-8724/03$17.00 © 2003 IEEE
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Fig. 1. Diagram of the setup. A connector key has been removed to allow the
rotation of the fiber under test.
properly, reasonable initial values (especially for ) have to be
chosen. From an experimental point of view, only standard DGD
measurement equipment is required, and the twisting of the fiber
under test can be easily achieved by rotating one of the two con-
nectors of that fiber (one can simply remove the corresponding
connector key). Fig. 1 shows a sketch of the employed setup.
A first demonstration for a SMF was presented in [4]. In the
following, we apply this method to a much larger variety of
fibers with beatlengths changing from millimeter to meter range
and investigate its precision and applicability for different types
of fibers.
III. EVALUATION OF MEASUREMENT METHOD
The fibers used to test our measurement method, chosen for
their well-defined homogeneous birefringences, are summa-
rized in Table I. They are numbered for easy identification, and
their geometries (major and minor radius a and b) and refractive
index differences (dn) are indicated. Fibers 1 and 2 have an
elliptical core, fiber 3 is a Panda fiber, fiber 4 has an elliptical
cladding, fibers 5 and 6 are erbium-doped fiber samples with
quite large asymmetries, and fiber 7 is a photonic crystal fiber
(PCF) with hexagonal hole symmetry (hole diameter: 0.9 m,
core diameter: 3.5 m).
Fig. 2 shows a measurement result for fiber 1. The fiber length
employed was 4 m. For a sufficiently good resolution of the
central DGD peak, we rotated the fiber by one full turn between
measurements, whereas in the wings, as many as 20 turns can be
employed to speed up the measurement. The DGD is measured
using the standard Jones matrix eigenanalysis (JME) method[5],
typically employing 5-nm steps and a wavelength interval of
50 nm around 1.55 m. The points around the minimum DGD
values in Fig. 2 (twist of 10 turns/m) are below the minimum
delay of 5 fs that we can measure with our JME apparatus, and
these points have consequently been removed so that they do not
falsify the fit. Also, from (3), it can be seen that for large twist
values the linear phase birefringence has only a small
influence on the DGD. Consequently, only the central peak is
fitted with (3), giving the solid line in Fig. 2. As can be seen, the
fit matches quite excellently with the measured points. From the
fitting parameters, an intrinsic (i.e., twistless) beatlength of 559
mm is obtained for this fiber.
The reproducibility of the measured data points is found to
be quite good. Changing the twist back to a value slightly above
zero—where the DGD values are large and change strongly as
TABLE I
RESULTS OF BEATLENGTH MEASUREMENTS FOR SEVEN INVESTIGATED
FIBERS, USING “TWIST” METHOD PRESENTED HERE, AND TWO
ALTERNATIVE METHODS (“P-OFDR” [6], [7], “PRESSURE” [8]).  GIVES
DEVIATION OF OUR METHOD FROM MEAN BEATLENGTH FOUND WITH
ALTERNATIVE METHODS. A, B: MAJOR AND MINOR AXIS (RADIUS)
OF CORE OR CLADDING (*).: REFRACTIVE INDEX DIFFERENCE
a function of twist—typically results in deviations of the mea-
sured overall delay of about a femtosecond or less, and conse-
quently one finds the same fit values. Moreover, we made a com-
pletely independent measurement of fiber 1 using a commercial
DGD measurement device from EXFO (FPMD-5600). The pre-
cision of this instrument for DGD measurements is better than
0.5% (traced to a NIST calibration artefact). Our DGD measure-
ments of the same fiber where found to agree to within 0.5%, so
that we can assume a precision of 1% for our device. However,
due to the residual birefringence of the two low birefringence
lead fibers (total length of 6 m), we found that the DGD
values are systematically increased by 2 fs. This leads to an
error on the beatlength extracted from the fit with (3) that de-
pends on the total amount of DGD and the ratio of group bire-
fringence to phase delay. For the worst parameters still com-
prised in the measurement range of our setup (see below), a rel-
ative error for of 9% has been found with simulations. For
the samples measured here, the maximum error is 4% (fiber #1)
and 2% for the other ones.
For further comparison, two somewhat more standard mea-
surement methods for beatlength extraction have been used. The
first one is a coherent, polarization-sensitive reflection mea-
surement (P-OFDR), described in detail in [6] and [7]. Again,
twisting of the fiber has to be avoided. As can be seen from
Table I, the results of the P-OFDR and the “twist” method typ-
ically agree to within 3.5% for the fibers analyzed. The second
method works in transmission and consists of analyzing the
power through crossed polarizers as a function of the distance
at which coupling between the two polarization modes is in-
duced by pressing on the fiber [8]. We again obtained a beat-
length agreeing reasonably with the previously obtained values
(see Table I).
Looking at the above findings, we can consequently say that
the twist method for beatlength extraction works in a precise and
reproducible way. However, there are some drawbacks as well.
Besides being relatively time-consuming, not all fibers can be
measured using this method.
The limits are given by the employed DGD measurement
technique (i.e., by the minimum delay it can measure) and by
the mechanical strength of the fiber (i.e., by the maximum twist
rate that can be applied to the fiber without damaging it).
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Fig. 2. Experimental results for fiber 1. Square points: measured DGD as a function of the twist rate. Line: fit with (1). The fit parameters  and  are the
phase and group birefringence of the fiber in the absence of twist.
Typical DGD measurement equipment goes down to about
5 fs. Consequently, we are restricted to fibers with delays in
excess of 20 fs to get reasonable fits. For practical reasons,
the fiber length is limited to about 4 m, so that the maximum
measurable beatlength becomes 1 m. Note that longer fibers
(i.e., longer beatlengths) can be measured [9], but it becomes
tedious to avoid excess birefringence induced by other means
than fiber twist.1
To estimate the minimum value of beatlength we can mea-
sure, we have to consider that the fibers were found to typically
break (at the connector edge) for twist rates in excess of 70–80
tr/m. The fiber under test therefore needs to have a birefringence
that is sufficiently low to be able to observe enough variation of
the DGD within the permissible twist range. We managed to
measure a beatlength of 8 mm with our setup, but not 3 mm
(fiber 3). It is worth noting that even the PCF (fiber 7), which
one would guess to be rather fragile with its fine hole structure,
supports large twist rates of 50 tr/m.
Consequently, the twist method for beatlength extraction can
be easily applied for fibers with beatlengths of 5 mm to 1 m,
with excellent reproducibility and precision.
IV. RATIO OF GROUP BIREFRINGENCE TO PHASE DELAY
Now that we have seen that for our fiber samples, our mea-
surement method is capable of giving the nontwisted group and
phase birefringence with a precision of % and %, re-
spectively, we can use the obtained results to analyze their ratio,
which should be precise to 4%.
As seen in Section I, the ratio between group birefringence
and phase delay is a measure of how well (1) holds for the corre-
1Equation (3) in fact differs from the corresponding equation of [4] due to an
erroneous sign.
sponding fiber. This can be made more intuitive by introducing
the parameters and, defined as [10]
DGD (4)
(5)
where DGD is the group birefringence predicted from the true
phase birefringence (i.e., ) and (1), whereas is the beat-
length predicted from the true group birefringence and (1). Con-
sequently, a difference between and (or, equivalently, be-
tween DGD and DGD) means that (1) does not hold, and the
ratio (which is nothing else than the ratio between group
birefringence and phase delay) can be employed to quantify how
well (1) holds for a particular fiber.
In the upper part of Table II, the values of , and their
ratio are given for the previously measured fibers ([1]–[6]). The
value of is found to vary quite a bit, from 1.1 to as much
as 2.6, clearly demonstrating that application of the commonly
used assumption of (1) would lead to quite erroneous results
for most of these fibers. For a more complete picture of when
this happens, we thoroughly searched the literature for fibers
of which both phase and group birefringence were investigated.
These examples are given in the lower part of Table II (8–16).
The examples found are either PM fibers with beatlengths in
the millimeter range or standard fibers from the investigation
of Siddiqui. Again, some of the fibers have ratios that
strongly deviate from one.
Further analyzing Table II, one finds that for PM fibers with
purposefully introduced composite stress elements (fibers 3,
8–11), where consequently the overall birefringence is mainly
stress-induced, the ratio is very close to one. This agrees with
our own study on this type of fiber [10], where a typical ratio
of 1.1 was found both for wavelengths of 1.3 and 1.55 m. A
10% deviation between phase delay and group birefringence
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TABLE II
RATIO L =L FOR OUR FIBERS (1-7) AND AS FOUND IN THE LITERATURE
(8-16). SEE SECTION IV FOR DETAILS
therefore seems to be quite generally found in these fibers,
independent of wavelength. On the other hand, for fibers with
large form birefringence due to large ellipticities of the core
or the cladding (fibers 1, 2, 4, 5, 6, 12, 13), the ratio
is typically quite different from 1. Moreover, it can strongly
vary with wavelength, as demonstrated by fiber 13. Finally,
for low birefringence fibers (having both low form and stress
birefringence; fibers 14–16), the ratio is again close to one,
justifying application of (1).
The above findings can be intuitively understood—at least in
part—by assuming that the form and stress contributions to the
total birefringence can be decoupled,
[11], [12]. Although this is certainly not completely true [e.g.,
[13]], it is still a good approximation of reality. The two indi-
vidual contributions to the phase birefringence are sketched out
in Fig. 3 as a function of the normalized frequency . The phase
birefringence induced by stress is linear with , whereas the
form contribution is a more complicated function of .
The group birefringence is the derivative of the phase birefrin-
gence with frequency, and therefore proportional to .
Consequently, the stress contribution to the group birefringence
is independent of and equal to the phase delay , leading
to a ratio of one. If form birefringence is important as well, as for
the second group of fibers (1, 2, 4, 5, 6, 12, 13), things become
more subtle as the overall phase birefringence stems both from
purely geometrical effects (waveguide ellipticity) and from the
stress induced by this asymmetry and the difference of dilatation
between core and cladding. Their respective weight depends on
the characteristics of the waveguide and on the normalized fre-
quency . Due to the shape (see Fig. 3) and relative weight of
the form-induced phase birefringence, the corresponding group
birefringence, and with that the ratio , will typically de-
viate from one for these fibers, although at specific it can still
amount to 1. This is nicely illustrated by the example of fiber
13 in Table II, where, as a function of wavelength (and therefore
of ), values of 0.66, 1.1, and 3.4 are found.
The above considerations are, however, not explaining why
for low birefringence fibers (14–16 in Table II), .
Fig. 3. Normalized phase birefringence induced by stress (dashed line)
or fiber geometry (continuous line) as a function of normalized frequency
(V = 2anp2 ). a: core radius, n: refractive index,  : refractive
index difference, : optical frequency, e: core ellipticity, p : component of
the strain-elastooptic tensor of the core, N : Poisson’s ratio, and E: Young’s
modulus.
From [14], where the stress distribution of an SMF-28 fiber was
measured, a stress-induced beatlength of 50 m is obtained.
Comparing this value to the overall (i.e., stress and form in-
duced) beatlength of a typical standard fiber ( m),
one finds that there are both form and stress contributions in
such fibers, with about the same relative weight. Consequently,
one would expect the ratio to deviate from one.
Apparently, the above model is too simple to correctly explain
things for standard fibers. Also, it seems extremely difficult to
correctly predict phase and group birefringence from measure-
ments of the fiber parameters alone (index profile, stress distri-
bution; an overview of different models can be found in [15]).
No conclusive examples are found in the literature, just obser-
vations that more complex (i.e., complete) models would have
to be used to correctly account for the interplay between form
and stress contributions [16].
V. CONCLUSION
A quite novel measurement method to extract the phase and
group birefringence of an optical fiber has been presented. Its
main advantage, besides requiring only standard DGD measure-
ment equipment, is that it assures that one obtains the twistless
intrinsic values. Both phase and group birefringence can change
dramatically in the presence of the small twists that are typically
present when no special care is taken. The reproducibility and
accuracy are found to be excellent for a large variety of different
fiber types. For an easy implementation of the method, however,
the beatlength has to be in the range of 5 mm–1 m.
Using this measurement tool, the intrinsic phase and group
birefringences have been measured for various fibers. Using our
results and some previously published data, one finds that the
commonly used assumption that phase delay and group bire-
fringence in an optical fiber are equal is not justified in all fiber
types. Especially in fibers with nonnegligible contributions of
form birefringence, and depending on the normalized frequency,
one finds factors as large as three between group birefringence
and phase delay. For PM fibers based on stress elements and
standard, low-birefringence fibers at 1.55 m, phase delay and
group birefringence coincide to within 10%.
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These findings can be mostly explained using a simple and
intuitive model where the contributions of form- and stress-in-
duced birefringence are considered to be independent. It does
not explain, however, why phase delay and group birefringence
seem to be equal in standard fibers.
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Génération de paire de photons avec un laser femtoseconde. 
 
Théorie : 
 
On utilise le processus de down-conversion dans les cristaux non-linéaires (figure 1). On part 
avec un photon de pompe (ωp) et on obtient une paire de photons (signal et idler, ωs, ωi).Les 
conditions de conservation d’énergie et de conservation de la quantité de mouvement se 
traduisent par : 
isp ωωω +=   (1) 
isp kkk
rrr
+=   (2) 
avec 
a
a
a
nk λ
π2
=
r
  (3) 
 
 
 
 
 
Figure 1: schéma de principe du processus de down-conversion 
 
Dans le cas monochromatique (ωp=Ωp), les équations (1) et (2) mènent à un unique couple de 
solutions (Ωs, Ωi). En pratique, du fait de la longueur finie des cristaux on peut montrer que le 
spectre des paires de photons est défini par les fonctions : 
( )
( ) ( ) ( )
( ) ( ) ( )
2
2
2sin













 Ω−

 Ω−Ω



 Ω−

 Ω−Ω
=
ssi
i
s
s
ssi
i
s
s
s
L
d
dk
d
dk
L
d
dk
d
dk
ω
ωω
ω
ωω
ωφ   (4) 
( )
( ) ( ) ( )
( ) ( ) ( )
2
2
2sin
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

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


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
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 Ω−

 Ω−Ω

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
 Ω−Ω
=
iii
i
s
s
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i
s
s
i
L
d
dk
d
dk
L
d
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d
dk
ω
ωω
ω
ωω
ωφ   (5) 
avec L longueur du cristal. 
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La largeur à mi-hauteur du spectre des photons est donnée par : 
( ) ( )L
d
dk
d
dk
i
i
s
s Ω−Ω
=∆
ωω
π
ω
886.0
21   (6) 
Elle est donc inversement proportionnelle à la longueur du cristal et à la différence des indices 
de groupe des deux photons créés. 
 
Figure 2: Spectre calculé des photons signal (ou idler) . 
 
Dans le cas d’une pompe composée de deux longueurs d’onde (Ωp et Ωp+δωp), on obtiendra 
une superposition de deux spectres. L’un est centré sur (Ωs, Ωi) et l’autre sur (Ωs+δωs, 
Ωi+δωi). On peut relier δωs et δωi avec δωp. 
(1) nous donne isp δωδωδω +=   (7) 
et (2) implique ( ) ( ) ( ) iiisssppp d
dk
d
dk
d
dk
δω
ω
δω
ω
δω
ω
Ω+Ω=Ω   (8) 
 
 
 
∆ω1/2 
Ωs ou i 
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On en déduit aisément que : 
   
( ) ( )
( ) ( )
p
i
i
s
s
i
i
p
p
s
d
dk
d
dk
d
dk
d
dk
δω
ωω
ωωδω


 Ω−Ω




Ω−Ω
=   (9) 
   
( ) ( )
( ) ( )
p
s
s
i
i
s
s
p
p
i
d
dk
d
dk
d
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d
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δω
ωω
ωωδω

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 Ω−Ω




Ω−Ω
=   (10) 
 
Pour la suite, on pose : 
  pss δωαδω =  et pii δωαδω =   (11) 
Si on appelle Nx l’indice de groupe associé à la longueur d’onde λx. On a : 
   
is
ip
s NN
NN
−
−
=
ωα  et 
si
sp
i NN
NN
−
−
=
ωα   (12) 
La translation des spectres des photons signal et idler dépend du rapport de différence 
d’indice de groupe. 
 
Pour un laser de pompe ayant un spectre polychromatique ( ( )ωS~ ) de largeur ∆ωp on obtient 
les spectres suivantes : 
( ) ( )
( ) ( ) ( )( )( )
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Pour la suite, on pose : 
( )
( ) ( ) ( )( )( )
( ) ( ) ( )( )( )
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2sin
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 (15) 
Un filtrage, effectué par exemple sur les photons signal, se traduit par la multiplication du 
spectre par une fonction F(ωs). On a donc, 
( ) ( ) ( ) ( )∫∆= p pspsps dFfSω ωωωωωωφ ,~   (16) 
Pour comprendre l’action de ce filtrage des photons signal sur les photons de pompe, on va 
considérer que les fonctions f et F sont des fonctions rectangles. f a une largeur ∆ω1/2 et est 
centrée en Ωs+ ωα s (Ωp-ωp). F a une largeur de ∆ω0 et est centrée en Ωs(figure2). 
 
 
 
 
 
 
Figure 3: Représentation schématique des paramètres ∆ω1/2 et ∆ωo 
 
Ces deux fonctions n’ont plus de partie commune lorsque 
s
pp
α
ωω
ω
2
02/1 ∆+∆>−Ω . Donc le 
filtrage sur les photons générés a pour effet de filtrer les photons de pompe si 
ωα
ωω
ω
s
p
02/1 ∆+∆>∆ . La forme de ce filtre va dépendre des fonctions f et F, sa largeur est liée 
à (∆ω1/2+∆ω0)/ ωα s . Plus ∆ω1/2 est grand et moins on va filtrer la pompe. Le spectre des paires 
de photons obtenues est tel que la cohérence des photons de pompe est plus grande que la 
cohérence des photons signal et ilder, on peut inverser les choses (c’est-à-dire rendre les 
photons signal plus cohérents que les photons de pompe) en filtrant les photons signal. En 
filtrant ces photons, on effectue aussi un filtrage indirect sur la pompe mais il y a un moment 
où la cohérence des photons signal est supérieure à celle des photons de pompe car quand ∆ω0 
tend vers 0 alors (∆ω1/2+∆ω0)/ ωα s  tend vers ∆ω1/2/
ωα s . 
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Simulations : 
Les simulations qui suivent ont été faites avec Matlab pour une source de paire de photons à 
1310nm/1550nm de type I. Les matériaux sont des cristaux de KNbO3 (XY) ou de LBO (XY) 
de 1cm de long. On se limite au cas où le faisceau de la pompe est parfaitement parallèle et 
l’interaction non-linéaire est colinéaire. La source est un laser femtoseconde dont le spectre 
gaussien à une largeur de 5nm. 
 
Les figures 3 et 4 représentent les spectres des photons émis par la pompe. 
 
Figure 4: Spectre global obtenu avec le KNbO3 
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Figure 5: Spectre global obtenu avec le LBO 
 
Les spectres obtenus pour les deux cristaux paraissent très similaires si on les considère de 
façon globale. Maintenant, regardons de manière plus détaillée les contributions de chaque 
longueur d’onde de la pompe. Pour cela, on a représenté sur les figures 5 et 6 les spectres 
obtenus pour 7 longueurs d’onde prisent de façon uniforme dans le spectre de la pompe. 
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Figure 6: Spectre des paires de photons obtenues avec le KNbO3 pour chaque longueur d’onde de la 
pompe. 
 
Figure 7: Spectre des paires de photons obtenues avec le LBO pour chaque longueur d’onde de la pompe. 
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Sur ces graphes, on détermine que 13102/1λ∆ =7.5nm pour le KNbO3 et 65nm pour le LBO, et que 
λα1310 =20 pour le KNbO3 et 4 pour le LBO. 
Le tableau suivant donne la valeur des indices de groupe pour les différents cristaux et 
longueurs d’onde. 
 
 
 
Avec ces valeurs, on peut calculer à l’aide des formules (6) et (12) 13102/1λ∆  et λα1310 . On trouve 
pour le KNbO3 6.9nm et 18.7nm et pour le LBO 63nm et 3.8nm. Les résultats sont présentés 
dans le tableau suivant. 
 
 
 
 
 
 
Les figure qui suivent représentent l’effet du filtrage des photons à 1310nm sur le spectre de 
la pompe. La courbe rouge correspond au spectre de la pompe à la sortie du laser. Les croix 
bleues représentent le spectre des photons à 1310nm après filtrage rapporté aux longueurs 
d’onde de la pompe (division par 4). La courbe bleue représente le spectre « équivalent » de la 
pompe, c’est à dire le spectre qu’il aurait suffit d’utiliser pour obtenir le spectre de nos paires 
de photons après filtrage. Il est déterminé en calculant la puissance qui passe à travers le filtre 
pour chaque longueur d’onde de la pompe. Pour que les photons des paires soient plus 
cohérents que les photons de la pompe, il faut que le graphe des croix soit de largeur 
inférieure au graphe bleu. 
 
 
 
 
 
 
 
 
longueur d'onde KNbO3 LBO
710 2.3876 1.6245
1310 2.2929 1.6248
1550 2.2718 1.6272
Simulations 
Calcul 
7.5nm ~20 65nm 4 
6.9nm 18.7 63nm 3.8 
KnbO3 LBO 
αλ1310 ∆λ1/2 αλ1310 ∆λ1/2 
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Figure 8: Effet du filtrage sur les spectres pour un cristal de KNbO3 et un filtre de 20nm autour de 
1310nm. La courbe en bleue correspond au spectre des photons à 1310nm et les croix bleues 
correspondent au spectre résultant de la pompe à 710nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Effet du filtrage sur les spectres pour un cristal de KNbO3 et un filtre de 10nm autour de 
1310nm. La courbe en bleue correspond au spectre des photons à 1310nm et les croix bleues 
correspondent au spectre résultant de la pompe à 710nm. 
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Figure 10: Effet du filtrage sur les spectres pour un cristal de KNbO3 et un filtre de 2nm autour de 
1310nm. La courbe en bleue correspond au spectre des photons à 1310nm et les croix bleues 
correspondent au spectre résultant de la pompe à 710nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Effet du filtrage sur les spectres pour un cristal de LBO et un filtre de 20nm autour de 1310nm. 
La courbe en bleue correspond au spectre des photons à 1310nm et les croix bleues correspondent au 
spectre résultant de la pompe à 710nm. 
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Figure 12: Effet du filtrage sur les spectres pour un cristal de LBO et un filtre de 18nm autour de 1310nm. 
La courbe en bleue correspond au spectre des photons à 1310nm et les croix bleues correspondent au 
spectre résultant de la pompe à 710nm. 
 
On peut remarquer que pour avoir les photons des paires plus cohérents que les photons de la 
pompe, il faut énormément filtrer (~2nm) pour le KNbO3 alors que pour le LBO un filtrage de 
18nm suffit. Ceci provient des deux paramètres 13102/1λ∆  et λα1310 . Le premier traduit 
l’étalement du spectre créé par une seule longueur d’onde de pompe, donc s’il est grand, les 
spectres de différentes longueurs d’onde de pompe vont plus se chevaucher. Le deuxième 
paramètre traduit la dilatation du spectre des photons créés dans le cas d’un cristal infini (Je 
pars avec un pompe de 1nm de large, mes photons émis ont λα1310 nm de large). Pour éviter 
d’avoir à trop filtrer, il faut 13102/1λ∆  grand et λα1310  petit. On retrouve ce que l’on a dit 
précédemment dans la théorie, le filtrage des photons signal ou idler se répercute sur les 
photons de pompe sous la forme d’un filtre de largeur liée à (∆ω1/2+∆ω0)/ ωα s . 
 
 
Remarque : Lorsque l’on filtre les photons signal, on filtre aussi les photons de pompe. Si le 
cristal est mal adapté, comme le KNbO3 pour des paires à 1310/1550nm, on finit par filtrer la 
pompe de façon drastique. On ne peut donc plus la considérer comme ayant 5nm de large. 
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Bilan : 
Pour la génération de paires de photons (1310nm/1550nm) avec un laser femtoseconde il vaut 
mieux utiliser un cristal de LBO car on a alors plus facilement des photons créés plus 
cohérents que les photons de pompe. Au contraire, dans le cas de génération de paires avec un 
laser continu il vaut mieux utiliser un cristal de KNbO3 qui génère un spectre plus étroit et 
donc mieux adapté à tout ce qui est dispersion. 
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Autres composants optiques qui pourraient être intéressants pour 
un système de détection homodyne. 
 
 
Pour la partie électronique, l'ensemble charge sensitive amplifier et "remise en forme 
d'impulsion" de CREMAT (CR-110 et CR-200) est intrinsèquement presque aussi performant 
que celui de AMPTEK. Par contre CREMAT propose une version complète sous forme de 
puce alors que le système de AMPTEK est sur un circuit imprimé relativement grand. Il est 
possible que la version de CREMAT soit moins sensible aux problèmes de bruit parasite 
extérieur. 
 
Il est aussi possible d'imaginer une détection homodyne avec simplement un amplificateur 
transimpédance très performant. Dans ce cas, l'impulsion optique est parfaitement résolue par 
le détecteur, donc si l'on veut travailler avec des impulsions optiques courtes il faut une 
grande bande passante. ANALOG MODULES, INC. propose un amplificateur 
transimpédance avec une bande passante de 200MHz et un bruit de 0,1pA/ Hz1/2. Sur les 
200MHz de bande passante, nous avons un bruit total de 14nA et l'écart standard associé au 
bruit de photons d'un oscillateur de 108 photons est (108)1/2=104 ce qui correspond à un 
courant de 24nA pour une efficacité quantique des détecteurs de 75% et une durée de 50ns. Le 
bruit de l'électronique est bien plus petit que les fluctuations quantiques du vide, l'écart peut 
être augmenté en diminuant la durée de l'impulsion lumineuse ou bien en augmentant son 
nombre de photons. 
 
Pour aller encore plus vite, on peut envisager d'utiliser des détecteurs basés sur des guides 
d'onde [1]. C'est le seul moyen de garder encore un peu d'efficacité lorsque l'on travaille au-
dessus de 40GHz. Le VSK40R01 de VSK PHOTONICS est un détecteur avec une bande 
passante typique de 50GHz et il a encore une efficacité quantique de 72%. C'est d'ailleurs 
avec ce genre de technologie qu'a été réalisé un détecteur pour un système de communication 
à 42,7GBits/s basé sur une détection cohérente. Cette technologie détient le record de 
sensibilité tout en respectant le critère draconien des télécommunications d'un taux d'erreur 
inférieur à 10-9 avec une valeur de 39 photons par bit [2]. 
 
Il existe aussi des systèmes tout faits de balanced photoreceiver. Ils ne suivent pas toutes les 
spécifications que l'on demande mais j'en retiens tout de même un qui me paraît intéressant. Il 
s'agit du DSC-R405 de DISCOVERY SEMICONDUCTORS, INC. qui a une bande passante 
de 14GHz et un bruit de 50pA/(Hz)1/2. Calculé sur la totalité de la bande passante on obtient 
un bruit de 6µA, à comparer au 10µA de fluctuations poissoniennes obtenues pour des 
impulsions de 108 photons pendant 0,1ns. On peut donc acheter un système homodyne 
extrêmement rapide, par contre l'efficacité quantique n'est que de 64%. 
 
 
[1] H.-G. Bach, D. Schmidt, G.G. Mekonnen, R. Ludwig, S. Ferber, C. Schubert, C. 
Boerner, B. Schmauss, J. Berger, C. Schmidt, U. Troppenz, and H.G. Weber, Monolithically 
integrated balanced photodetector and its application in OTDM 160Gbit/s DSPK 
transmission, Electr. Lett. 39, 1204 (2003). 
 
[2] Optical front-end boasts record sensitivity, FibreSystems Europe, p.11 (May 2003). 
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Problèmes rencontrés avec le Plug & Play lorsque l’on utilise la 
détection homodyne. 
 
 
 
Premier montage expérimental possible 
 
 
 Le graphique ci-dessus montre le premier montage expérimental possible pour adapter 
la configuration Plug & Play avec la détection homodyne, dans le but de réaliser une 
distribution de clé quantique à l’aide de variables continues. Ce type de configuration est telle 
que l’impulsion signal et l’impulsion de référence vont se propager l’un derrière l’autre dans 
la même fibre. Ainsi, ces deux impulsions vont subir les même variations de phase dans le 
canal quantique. Le miroir de Faraday permet de compenser les variations de l’état de 
polarisation dans ce même canal. Alice doit pouvoir moduler la phase et l’amplitude du signal 
c’est pourquoi elle possède un modulateur d’amplitude et de phase. Bob se contente de 
moduler la phase pour choisir la quadrature mesurée. 
 
 Dans le cas de la cryptographie quantique, les pertes sont très critiques. Avec un 
protocole de réconciliation directe elles ne doivent pas dépasser 3dB pour que la sécurité de 
l’échange soit assurée. Il existe un autre protocole de réconciliation (réconciliation indirecte) 
qui permet un échange de clé quelle que soit la valeur des pertes. Malgré tout, la réalisation 
expérimentale d’un échange de clé semble difficile dès que les pertes dépassent 3dB. Dans 
notre cas, seules les pertes chez Bob et celles de la ligne sont à prendre en compte. Une rapide 
évaluation dans un cas assez favorable (meilleures valeurs trouvées sur les datasheets de 
fabricants) nous donne : 
pertes chez Bob=0.6+2.7+0.6+0.1+1.6=5.6dB 
Cette valeur dépasse très largement les 3dB visés. Il y a donc peu de chance qu’un tel 
montage permette un échange de clé en toute sécurité. 
 
 Pour la détection homodyne il faut une impulsion de référence brillante (108 photons 
par impulsion). L’impulsion signal n’est constituée que de quelques dizaines de photons. Il y 
-
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a donc 6 à 8 ordres de grandeur entre les deux impulsions. Dans le schéma ci-dessus, la 
différence d’amplitude est obtenue à l’aide d’un modulateur d’amplitude placé chez Alice. 
Les modulateurs rapides, type Mach-Zehnder, n’ont des taux d’extinction que de 20 à 25dB 
ce qui rend impossible une modulation d’amplitude faisant passer de 108 ph/imp à 102 ph/imp. 
 
 A cause des deux raisons évoquées précédemment, ce premier montage expérimental 
n’est pas vraiment réalisable et ne permet pas de réaliser des échanges de clé en toute sécurité. 
A première vue, il paraît très improbable de trouver un montage avec des pertes largement 
inférieures à 3dB, par contre on doit pouvoir trouver un schéma,avec des pertes raisonnables, 
réalisable avec les composants télécoms existants.  
 
Remarque : Un taux d’extinction de 20dB pour le PBS devrait suffire car si l’impulsion de 
référence est de 108 ph/imp alors un des pics satellites est de 106 ph/imp. Notre détecteur est 
tel que pour des impulsions de 106 photons, le signal de sortie est noyé dans le bruit de 
l’électronique. Donc avec une valeur de taux d’extinction de 20dB, on peut travailler avec une 
référence de 108 photons mais c’est une limite que l’on ne peut pas dépasser. Evidemment, si 
le PBS a un taux d’extinction plus élevé (26dB) on peut alors augmenter l’amplitude de la 
référence. 
 
 
Deuxième montage expérimental possible 
 
 
 La figure ci-dessus montre le schéma du deuxième montage expérimental possible. 
Les différences entre ce schéma et celui du ‘premier montage expérimental possible’ sont le 
switch optique 1x2, qui va jouer le rôle d’atténuateur variable rapide, un tube piezo pour 
moduler la phase chez Bob, et un canal quantique avec une distance minimale de 2.5km pour 
laisser le temps au switch de passer d’un état à un autre pendant l’aller-retour des impulsions 
optiques. A l’aller, l’impulsion signal passe par le chemin du bas, avec le switch en position 
off (atténuation de ~60dB), et la référence passe par le chemin du haut. Au retour, l’impulsion 
signal passe par le chemin du haut et la référence par le chemin du bas, avec le switch en 
position on (atténuation de ~0dB). Le switch passe de l’état on à l’état off en 25µs, il faut 
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donc laisser les impulsions se propager sur 5km avant que le switch ait changé d’état. Les 
impulsions font un aller-retour dans le canal quantique donc la longueur de ce canal doit être 
d’au moins 2.5km. Si le temps de transit du piezo est aussi de quelques microsecondes, cela 
suffit pour moduler la phase chez Bob grâce à la distance minimale du canal quantique. 
 
 Si l’on fait le bilan des pertes de la ligne plus celle chez Bob, on obtient : 
  Pertes=0.75+0.6+1+0.1+0.6+1.6=4.65dB 
On a donc légèrement réduit les pertes mais elles restent largement au-dessus du seuil critique 
de 3dB. Une démonstration de principe devrait donc pouvoir se faire avec ce schéma mais il y 
a de fortes chances que l’échange ne se fasse pas de façon sécurisée, même avec la 
réconciliation indirecte. La démonstration ne pourra se faire qu’à une fréquence de 50Hz au 
maximum car c’est la fréquence maximale d’utilisation du switch. 
 
Remarque : Si l’on remplace le modulateur d’amplitude et de phase chez Alice par un simple 
modulateur de phase, il est possible d’utiliser le protocole utilisé par R. Namiki. Cette 
configuration a l’avantage de ne pas nécessiter de réglage de la polarisation à l’entrée du 
modulateur de phase contrairement au modulateur d’amplitude. De plus, il y a de fortes 
chances que la combinaison modulateur d’amplitude et miroir de Faraday ne fonctionne pas à 
cause d’un polariseur certainement inséré à l’entrée du modulateur (pour le modulateur de 
phase il faut demander au fabricant de retirer ce polariseur pour avoir peu de PDL). 
 
 
Problème lié au circulateur 
 
 La configuration Plug & Play se faisant en aller-retour, l’utilisation d’un circulateur 
est indispensable. Outre le problème de perte d’insertion de ce circulateur qui augmente les 
pertes sur la ligne, les pertes dépendant de la polarisation (PDL) d’un tel composant risquent 
de poser problème quant à l’équilibrage de la détection homodyne. 
 L’équilibrage de la détection homodyne est très critique, le coupleur doit être réglé 
avec un couplage 50/50 à ~10-5 près. Ceci est réalisable avec un coupleur standard 50/50. 
Tout d’abord, on introduit des pertes additionnelles à l’aide de petites boucles sur le bras qui 
couple le plus de lumière. Ce prééquilibrage peut être effectué simplement en contrôlant la 
puissance de sortie des deux bras avec un puissancemètre. Ensuite, une fois que toutes les 
fibres ont bien été scotchées, on affine le réglage de l’équilibrage du coupleur en contrôlant la 
polarisation de l’oscillateur local à l’entrée du coupleur tout en observant le signal de sortie 
sur un oscilloscope. C’est la PDL du coupleur qui est utilisée pour réaliser le réglage fin de 
l’équilibrage. Ce degré de liberté qui nous permet d’obtenir l’équilibrage est aussi la première 
source de son instabilité. En effet, les moindres changements de polarisation de l’oscillateur 
local se traduisent par un déséquilibrage du coupleur. Si les fibres sont bien fixées, les 
fluctuations de polarisation dans les fibres vont être très faibles (essentiellement dues aux 
vibrations externes et aux changements de température). Il s’agit donc de s’assurer que la 
PDL du coupleur est trop faible pour que de faibles fluctuations causent un déséquilibrage, 
mais elle doit être aussi assez élevée pour permettre le réglage de cet équilibrage. Il a été 
observé qu’une PDL d’environ 0.01dB correspond aux critères définis ci-dessus, au contraire 
une valeur de 0.1dB pose déjà de gros problème de stabilité. 
 Le circulateur introduit après le coupleur dans le Plug & Play va poser le même genre 
de problème que le coupleur. Il y a donc fort à parier que si cet isolateur a une PDL trop 
grande on a de gros problème de stabilité de l’équilibrage. Les valeurs de PDL les plus faibles 
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pour les circulateurs sont de l’ordre de 0.05dB. Ces valeurs nous permettront-elles d’avoir un 
équilibrage stable ? 
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Corrections apportées par Hugo après lecture du rapport ‘rapport 
premier trimestre1’ 
 
 
Erreurs de conception 
 
 Le schéma ci-dessus est le premier montage qui a été envisagé dans le rapport 
précédent. Il a été recopié pour illustrer le propos qui suit. 
Dans le calcul des pertes en transmission, il ne faut pas compter les pertes du 
modulateur de phase chez Bob car au retour on peut très bien faire passer le signal par la voie 
qui ne comporte pas le modulateur de phase. Les 2.7dB de perte agissent alors sur la 
référence. On gagne ainsi 2.7dB de perte sur la ligne. On n’est donc pas obligé de remplacer 
ce modulateur par un piezo (comme je l’ai préconisé dans le rapport précédent). 
Pour optimiser les pertes du circulateur, on peut le remplacer par un coupleur 99/1. Au 
retour, 99% de la lumière est renvoyée vers le détecteur. On peut donc espérer des pertes qui 
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n’excèdent pas 0.1dB. Cette réalisation fonctionne uniquement si la source est assez puissance 
car seulement 1% de la lumière passe de la source vers l’interféromètre. Il faut 
impérativement que ce coupleur 99/1 ait très peu de PDL pour garder une bonne stabilité de 
l’équilibrage de la détection homodyne. 
Un PBS a été trouvé avec des pertes d’insertion de 0.25dB et un rapport d’extinction 
de 26dB, ce qui sont des performances meilleures que ce qui a été envisagé avant. 
Le dessin ci-dessus, montre les modifications apportées. Si l’on refait le calcul des 
pertes avec ces nouvelles valeurs, on trouve : 
  Pertes chez Bob=0.25+0.1+0.1+1.6=2.05dB 
Il est donc possible d’avoir moins de 3dB de pertes dans la ligne de transmission. 
 
 
Problème du modulateur d’amplitude 
 
 Comme dernier problème conceptuel, il reste la modulation d’amplitude. La différence 
entre le signal et la référence est de l’ordre de 70dB. Il faut donc mettre une atténuation fixe 
de ~60dB et ensuite moduler finement le signal à l’aide d’un modulateur d’amplitude Mach-
Zehnder. Tout le problème est de faire varier rapidement un atténuateur entre les valeurs 0dB 
et 70dB. La solution qui avait été proposée, consistait en un switch optique qui passait du 
mode on au mode off pendant la propagation du signal dans la fibre. Cette solution n’a pas été 
retenue car il y a une forte probabilité pour que la phase, ajoutée par le switch, change 
complètement d’une transition on/off à l’autre. Il semble donc que la seule solution réaliste 
soit d’ajouter 4 modulateurs Mach Zehnder en série. Ceci dit, ces modulateurs ne marchent 
que pour une polarisation et sont donc incompatibles avec un miroir de Faraday. L’idée 
retenue, consiste à utiliser une boucle de Sagnac. 
 Avec cette nouvelle configuration, on perd la compensation en polarisation du miroir 
de Faraday, mais on conserve la stabilité en phase car le signal et la référence passent par la 
même fibre à quelques centaines de nanosecondes d’intervalle. Comme on a perdu la stabilité 
en polarisation, il est important de la contrôler. Il faut s’assurer que la lumière rentre avec la 
bonne polarisation dans le modulateur des deux côtés pour s’assurer le meilleur taux 
d’extinction possible. 
PC
AM &
PMPC
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Dernières corrections apportées par Hugo après lecture du 
rapport ‘rapport premier trimestre2’ 
 
 
Schéma expérimental final 
Le schéma ci-dessus est le schéma définitif que nous allons utilisé pour la 
cryptographie quantique à variables continues. Le seul changement avec le rapport précédent 
consiste à utiliser un isolateur pour créer des pertes dépendantes du sens de propagation de la 
lumière. On peut ainsi avoir une forte atténuation sur le parcours du signal et une faible sur le 
parcours de l’oscillateur local. L’isolateur est placé dans le bras du bas et s’oppose au passage 
du signal en étant placé dans le sens indiqué sur la figure. 
On va garder les même pertes chez Bob qu’avec le montage précédent, c’est-à-dire 
2.05dB. Par contre, chez Alice nous n’avons plus besoin de mettre une succession de 
modulateurs d’amplitude. L’isolateur nous donne une différence de puissance entre le signal 
et l’oscillateur local d’environ 60dB. Donc avec un modulateur d’amplitude dont le taux 
d’extinction est 20dB, on est capable de réaliser un état cohérent en sortie de chez Alice avec 
une amplitude allant de 1 à 100 photons (si on part avec un oscillateur local de 108 photons 
par impulsion. 
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